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Failure of HY-Specific Thymocytes
to Escape Negative Selection by Receptor Editing
apoptosis (negative selection) or by self-antigen-depen-
dent change of receptor specificity through secondary
recombination (receptor editing). Until now, editing has
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increased RAG gene expression was observed (Mel-2 INSERM Unit 429
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joints were shown to be genomically replaced by sec-and Hygiene
ondary rearrangements in cases when an autoreactiveTechnical University of Munich
BCR was encoded (Pelanda et al., 1997). In T cells, theTrogerstr. 4b
TCR locus is especially suited for secondary re-81675 Munich
arrangements due to its high number of V (104) (GlusmanGermany
et al., 2001) and J (61) (Koop et al., 1994) gene segments
and the lack of D elements. Recombination of the TCR
loci takes place predominantly at the CD4CD8 (doubleSummary
positive; DP) stage and results in the deletion of the
intervening TCR locus. Receptor change by thymo-Editing of autoreactive antigen receptors by second-
cytes was first observed in the thymoma cell line M14Tary V(D)J recombination efficiently rescues B lympho-
(Marolleau et al., 1988), which continuously rearrangescyte precursors from apoptosis induced by negative
its TCR chain. Also, the VJ joints found on excisionselection, but its role has not been rigorously assessed
circles in thymocytes could be the products of second-in T cell development. We therefore generated a trans-
ary recombination events (Okasaki and Sakano, 1988).genic mouse model in which self-reactive thymocytes
One study showed that 3 V elements recombine pref-could edit their TCR by secondary recombination at
erentially with 5 J elements and 5 V elements mainlythe TCR locus. For this purpose, the VJ exon of a
join 3 J elements (Roth et al., 1991), possibly a resultmale-specific TCR was inserted into the TCR locus
of nested rearrangements. However, these data werefollowed by Cre-loxP-mediated deletion of the TCR
questioned in another recent study (Davodeau et al.,locus. In this model, only few thymocytes escaped
2001). Nevertheless, there is agreement that the initialnegative selection by change of specificity, probably
recombination is targeted to the most 5 J elementsthrough recombination before encounter of autoanti-
by the strong germline transcript initiating at the T earlygen. In the absence of the restricting MHC element,
 (TEA) element (Thompson et al., 1990; Villey et al.,
however, developing thymocytes replaced the in-
1996). Another characteristic of the TCR locus is its
serted TCR exon efficiently.
lack of allelic exclusion (for review see von Boehmer,
1990; Malissen et al., 1992), in contrast to the immuno-
Introduction globulin light chain loci. Inclusion of endogenous 
chains in TCR transgenic mice can even result in loss
The antigen receptors of B and T lymphocytes (BCR of surface expression of the transgenic TCR (Borgulya
and TCR) are produced by somatic recombination of et al., 1992), which has been interpreted as evidence
germline genes during lymphocyte development. Only for receptor editing at the TCR locus (McGargill et al.,
cells expressing an appropriate receptor can develop 2000), although it does not involve the genomic replace-
into mature lymphocytes, a process called positive se- ment of a VJ joint. The present experiments were
lection. In T cell development, TCRs with intermediate carried out to directly test whether, similar to B cells,
affinity to self-MHC/peptide allow positive selection (Ki- developing T cells can edit their antigen receptors by
sielow et al., 1988b) and lead to termination of V(D)J secondary V(D)J recombination following encounter of
recombination (Turka et al., 1991; Borgulya et al., 1992) a high-affinity ligand. For this purpose, we generated a
and differentiation into CD8 or CD4 thymocytes, de- mouse strain by use of homologous (Capecchi, 1989)
pending on reactivity for either MHC class I or II, respec- and Cre-mediated recombination (Gu et al., 1994) that
tively (Teh et al., 1988; Kaye et al., 1989). Cells that are carries a recombined VJ exon in the endogenous
not positively selected die of “neglect.” Maturation of TCR locus. The mutated TCR locus was designed to
autoreactive lymphocytes can be prevented by either precisely mimic the configuration of the locus after a
physiological VJ rearrangement, including deletion of
the TCR locus. V and J elements 5 and 3 of the4 Correspondence: rajewsky@cbr.med.harvard.edu
inserted VJ exon would then allow elimination of the5 Present address: The Center for Blood Research, Harvard Medical
School, 200 Longwood Avenue, Boston, Massachusetts 02115. inserted VJ element by “secondary” V(D)J recombina-
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tion. Our transgenic model uses the HY-TCR, which rec- For our experiments, mice of the genotype HYI/0HYtg
were used; these are designated HY-I mice below.ognizes a y-chromosomal peptide (Markiewitz et al.,
1998) in the context of H-2Db (Uematsu et al., 1988). In
female mice expressing the HY-TCR from a conventional Peripheral Expression of the Inserted HY Chain
transgene (HYtg), most thymocytes are positively se- Expression of the HY chain was monitored with the
lected into the CD8 compartment (Teh et al., 1988), monoclonal antibody T3.70 (Teh et al., 1989) recognizing
whereas in male mice the transgenic TCR induces dele- the  chain of the HY-TCR. In positively selecting (H-2Db)
tion of DP cells (Kisielow et al., 1988a). Using the HY-I females, we detected the HY chain on 18% of the
TCR-insertion (HY-I) model, we investigated whether lymph node (LN) T cells (Figure 2A), showing that the
T cells developing in the thymus and encountering self- HY chain is expressed from the HYI allele. We ob-
antigen can be rescued from apoptosis by induced sec- served more HY cells in HY-I as compared to HYtg
ondary VJ recombination at the TCR-insertion allele. females. In the latter, rearrangement of endogenous
TCR genes had earlier been shown to result in the
production of additional TCR chains (Borgulya et al.,Results
1992), leading to a population of CD8cells with reduced
levels of the HY-TCR (Figure 2A). In HY-I females, weInsertion of the 5 loxP Site and of the Recombined
VJ Element did not observe such a population. Instead, a distinct
CD8HY population was found (Figure 2A). Since HY-In a first targeting experiment, a loxP-flanked neomycin
resistance gene (neor) was inserted upstream of the V6/ I mice carry a TCR null allele in combination with the
HYI allele, the inserted VJ element must have beenV3 element, located at the 3 end of the V cluster
(Glusman et al., 2001). We transfected embryonic stem replaced by new VJ rearrangements in HYCD8
(and also CD4HY; data not shown) cells. This was(ES) cells with the targeting vector pC1T and identified
homologous recombinants (Figure 1B). From such re- confirmed by showing that these cells did not only ex-
press TCR (Figure 2B) but indeed also TCR chainscombinants, we removed the neor gene by transient
expression of Cre and confirmed its deletion (Figures distinct from HY, as visualized by staining for V2, V3,
V8, and V11 elements (Figure 2C and data not shown).1C and 1D). These ES cells were subsequently again
targeted to introduce the VJ element of the HY-TCR T cells with TCRs distinct from the HY-TCR were also
found in negatively selecting (H-2Db) HY-I males (Figuresand a second loxP site into the J region (targeting
vector pC3T; Figure 1A). This recombination event re- 2A and 2B). The majority of T cells in HY-I mice were,
however, similar to T cells from HYtg males by exhibitingplaced the wild-type J57 element (Koop et al., 1994)
by a V9.2-J57 joint encoding the variable region of the a CD8loHY or CD4CD8HY phenotype (Figure 2A;
Kisielow et al., 1988a; Bruno et al., 1996). chain of the HY-TCR (Uematsu, 1992). Recombinants
were identified by PCR (Figure 1E) and confirmed by
Southern blot analysis (Figure 1F). To identify ES cell Sequential Rearrangements but No Editing
clones in which both insertions had taken place on the in HY-I Mice
same chromosome, we removed the loxP-flanked chro- The HY-TCR model allows the analysis of positive selec-
mosomal fragment of 66 kb, which includes the TCR tion in thymi of female H-2Db animals, neglect in thymi
locus (Figure 1A; Glusman et al., 2001), by transient expressing H-2Dd, and negative selection in thymi of
expression of Cre. In three of five Cre-transfected male mice expressing H-2Db (Kisielow et al., 1988a). In
clones, deletion had indeed taken place, as shown by positively selecting HY-I females, we found a bias in
Southern blot analysis (Figure 1G; data not shown). Se- T cell development toward the generation of CD8HY
quencing of a PCR product generated with the primers cells similar to the one observed in HYtg females (Figure
2636 and 2637 (Figure 1A) showed the juxtaposition of 2D). However, we consistently observed higher cell
the remaining V and J elements (data not shown). numbers in thymi from HY-I females (Figure 3D), mainly
due to an increase in the number of DP cells in HY-I as
compared to HYtg females (2.9 	 107 versus 1.7 	 107 ;Generation of the HY-Insertion (HY-I) Model
ES cells shown to carry both insertions in cis were used Figure 3E). The majority of these cells did not express
the HY-TCR (Figure 3B, middle panel). Interestingly, thefor the production of chimeric mice, which transmitted
the mutations through the germline (data not shown). number of CD8 cells (2 	 107 versus 0.5 	 107 ) but
not CD4 cells (0.7 	 107 versus 0.4 	 107 ) was alsoThe resulting mouse strain was called HYIF and bred
to the deleter strain (expressing Cre in the germline; larger in HY-I than HYtg females. This suggests that the
generation of HY-TCR-expressing CD8 thymocytes isSchwenk et al., 1995) to delete the TCR locus. We
found HYIF mice carrying the deleter-cre transgene to enhanced in HY-I females compared to HYtg females.
In nonselecting H-2Dd HY-I mice of either sex, the HY-be genetically mosaic with respect to the deletion of the
TCR locus (data not shown). The deleted allele, termed TCR was expressed on almost all DN and a fraction of
DP cells (Figure 3B, lower panel). Most DP and SP cellsHYI, was transmitted through the germline of these
mice (Figure 1H) at a frequency of 5% (data not shown). lacked, however, expression of the HY chain. Although
the H-2Db-restricted HY-TCR does not allow the genera-Subsequently, expression of the HY-TCR in T cells was
achieved by breeding mice carrying the HYI allele with tion of mature SP thymocytes, the size of the SP com-
partments was similar to WT mice (Figure 3A, lowermice carrying a conventional transgene encoding the
HY chain (HYtg; Uematsu et al., 1988). A TCR null panel, and data not shown), probably through the gener-
ation of cells expressing specificities different from HY.allele (Mombaerts et al., 1992) on the second chromo-
some restricted TCR expression to the HYI allele. The normal CD8 to CD4 ratio (1/3) indicated a diverse
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Figure 1. Introduction of a VJ Element into the TCR/ Locus by Homologous and Cre-Mediated Recombination
The scheme in (A) depicts targeting of the TCR locus with the vectors pC1T and pC3T, Cre-mediated deletion of neor (1), and Cre-mediated
deletion of the TCR locus (2). The predicted and observed sizes of DNA fragments or PCR products are indicated in the tables. Vertical gray
bars, J elements; TK, thymidinkinase; NEO, neor; V, V6/3 element; black triangles, loxP sites; black bars, Southern blot probes; small
arrows, PCR primers; large arrows, transcriptional orientation. The HincII site marked with an asterisk was not cut, although present. Homologous
recombination of pC1T was confirmed by Southern blot analysis after EcoRI/SalI digest and hybridization with probe 1 (B). Cre-mediated
deletion of neor was detected by Southern blot analysis after BlnI digestion and hybridization with probe 1 (C) and by PCR with the primers
1649 and 1650 (D). Homologous recombinants of pC3T were identified by PCR (E) using the primers 1992 and 2688 (clones IIE5 and IIE7 are
shown; , positive control; 2C5, negative control) and confirmed by Southern blot analysis of EcoRI-digested DNA hybridized to probe 2 (F).
Cre-mediated deletion in vitro was monitored by Southern blot analysis after NdeI digestion and hybridization with probe 4 (G). PCR using
primers 2636 and 2637 was used to identify mice which had deleted the TCR locus in the germline (H).
repertoire of MHC class I- and class II-restricted speci- DP thymocytes in H-2Db HY-I males, however, retained
expression of the HY-TCR (Figure 3B, upper panel). Byficities. Thymocyte numbers (7.2 	 107; Figure 3D) were
comparable to those of female H-2Db HY-I mice (8.4 	 staining for CD69, a marker of TCR ligation (Huesmann
et al., 1991; Kishimoto and Sprent, 1997), and annexin107; Figure 3D). In male H-2Db mice, if receptor editing
were indeed induced by activation of the HY-specific V, a reagent that detects preapoptotic cells (Koopman
et al., 1994), we tested whether these cells had beencells through autoantigen, one would expect efficient
rescue of DP and SP cells, in contrast to the dominance induced to undergo programmed cell death. The major-
ity of HY DP cells had upregulated CD69 (data notof deletion seen in the HYtg model (Kisielow et al.,
1988a). However, only small DP and SP compartments shown), and three times more of the cells were commit-
ted to apoptosis in male as compared to female micewere generated in H-2Db HY-I males (Figure 2D; Figure
3A, upper panel). The number of DP cells was reduced (Figure 3F). We also observed CD4 cells expressing the
HY-TCR (Figure 3B). These were so-called intermediateto 4% of the number found in positively selecting H-2Db
HY-I females (Figure 3E); total thymic cell numbers were single-positive (ISP) cells, as shown by their high HSA
expression (data not shown; Shortman et al., 1988).six times lower (1.5 	 107; Figure 3D). The majority of
the DP and SP cells in H-2Db HY-I males expressed CD3 Since in all HY-I mice some thymocytes did not express
the HY-TCR but were positive for TCR expression asbut not the HY chain (Figure 3B, upper panel). Some
Immunity
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Figure 2. Comparison of HYtg and HY-I Animals
Lymph node  T cells of male and female HYtg and HY-I mice were analyzed for the expression of the HY, TCR, V2, CD4, and CD8. A
gate was set on TCR cells, and these cells were analyzed for the expression of CD8 and HY (A) and TCR and HY in the case of HY-I
animals (B). LN cells of HY-I animals were stained for V2, TCR, CD4, and CD8 and analyzed for V2 expression on gated TCR cells (C).
Thymocytes of HYtg and HY-I mice were analyzed for CD4 and CD8 expression (D). Total thymocyte numbers are shown above the dot plots.
assessed by CD3 and TCR staining (Figure 3B; data escape from deletion. If this process were initiated by
contact of the autoreactive cells with self-antigen, itnot shown), it seemed likely that these cells had changed
should allow excision of the HYI allele from both chro-their TCR chain. We confirmed expression of new
mosomes, similar to observations made in BCR editingTCR chains on these cells by staining for TCRs using
(Kouskoff et al., 2000; Braun et al., 2000). We thereforeV2, V3, V8, or V11 variable regions (Figure 3C and
generated HY-I mice (H-2Db) carrying the HYI alleledata not shown). V2J joints were further analyzed by
on both TCR loci. The thymic compartments of homo-sequencing amplified cDNA from HY thymocytes and
zygous and heterozygous HY-I and HYtg females asT cells. The joints used a variety of V2 as well as J
defined by CD4 and CD8 expression were very similarelements (Figure 7). Interestingly, a J segment close
(Figures 2D, 3A, and 4A). Homozygous HY-I males, how-to the insertion (J53) was found in 5 out of the 29
ever, revealed a phenotype (Figure 4A) that was morerearrangements analyzed. Thus, sequential rearrange-
severe than in heterozygous animals and strongly re-ments can efficiently result in change of receptor speci-
sembled the one observed in HYtg males (Figure 2D),ficity in thymocytes expressing a nonselectable TCR.
with no distinct DP and SP compartments being present.Receptor change is, however, inefficient in rescuing thy-
Thus, unlike in B cell development, expression of anmocytes expressing an autoreactive TCR from apo-
autoreactive receptor from two alleles in T cell develop-ptosis.
ment leads to essentially complete negative selection
of the autoreactive cells rather than receptor editing.
No Editing in Homozygous HY-I Males Since higher surface expression of the TCR might result
The analysis of negatively selecting HYtg and HY-I males in higher sensitivity to peptide/MHC, we tested TCR
had suggested that replacement of the autoreactive surface densities of thymocytes from female homozy-
gous and heterozygous HY-I mice but failed to detectTCR by VJ rearrangement is required for the cells to
TCR-Insertion Mice
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Figure 3. T Cell Development in Positively,
Negatively, and Nonselecting HY-I Mice
Thymocytes were stained with antibodies for
CD4, CD8, CD3, and HY chain ([A] and [B]),
or CD4, CD8, V2, and HY chain (C) and
analyzed by FACS. For analysis of CD3 and
HY chain expression, gates were set on
subsets defined by CD4 and CD8 expression.
Histograms show V2 expression on
CD4CD8HY or CD4CD8HY cells.
Staining with control antibody of the same
isotype is indicated by a thin line.
Thymocytes from 6- to 8-week-old animals
of the indicated HY-TCR transgenic mouse
strains were counted (D) and analyzed by
FACS for CD4 and CD8 expression. Subse-
quently, the number of DP cells (E) was calcu-
lated. Black symbols represent individual
HY-I animals, and gray symbols represent
HYtg animals. The horizontal line indicates the
mean of the cell numbers within each data set.
To detect apoptotic cells, thymocytes from
male and female HY-I mice were stained for
CD4, CD8, and HY chain, and with annexin
V. A gate was set on HY DP cells, and
annexin V staining was analyzed in a histo-
gram overlay (F). The bold and plain numbers
show the percentages of annexin V-positive
cells from male and female mice.
a difference in HY-TCR expression (Figure 4B). Thus, when the first DP cells appeared, many of which ex-
pressed the HY-TCR (Figure 5A). These thymi were cul-there does not seem to exist a stage in T cell develop-
ment at which autoreactive cells are arrested until they tured in the presence or absence of HY peptide (Markie-
witz et al., 1998) for various times. In cultures withouthave edited their TCRs. Rather, inserted VJ joints are
occasionally replaced by other VJ rearrangements addition of peptide, we observed that the percentage
of HY-TCR cells dropped drastically over the coursebefore onset of negative selection, a process that would
rarely involve both HYI alleles. of 2 days (Figure 5B), although half of the DP cells ex-
pressed the HY specificity when taken into culture. It
thus seems likely that not all HY-TCR-expressing DPReceptor Change in Thymic Organ Cultures
cells received a positively selecting signal (Borgulya etWhile it is known that DN cells expressing a transgenic
al., 1992; Merkenschlager et al., 1994) and started to/ TCR before  selection belong to the 
/ T cell
rearrange their TCR loci. In the presence of peptide, thelineage (Bruno et al., 1996) and development of such
fraction of HY DP thymocytes was already reducedcells along the / lineage is precluded (Lacorazza et
dramatically after 14 hr of culture (Figure 5A), whereasal., 2001), it still seemed conceivable that cells express-
the fraction of cells expressing a different VJ re-ing the HY-TCR from the CD25CD44 DN stage on
arrangement (V2) remained unaltered (Figure 5D). This(Figure 3B) received the negatively selecting signal too
suggests that the observed loss of HY expression uponearly in development to allow receptor editing to be
addition of peptide is the result of TCR downregulationinduced, i.e., before the TCR locus becomes accessi-
rather than (induced) editing. There was also evidenceble for V(D)J recombination. To test this possibility, we
for the induction of apoptosis in HY DP cells in theinvestigated the response of HY-TCR-expressing DP
presence of peptide: staining these cells with annexincells to activating peptide/MHC complexes in fetal thy-
V, we observed a 4-fold increase in the proportion ofmic organ cultures (FTOC; Hogquist et al., 1993). Thymi
were prepared from female HY-I embryos on day 17.5, preapoptotic HYDP cells (Figure 5C) in cultures with,
Immunity
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gregation cultures also, there was no evidence for cells
escaping deletion by induced change of TCR specificity.
Discussion
Editing in the HY-I Model
Previous reports had indicated that sequential re-
arrangements at the TCR locus play a role in T cell
development by allowing escape from neglect as well
as negative selection (for review see Fink and McMahan,
2000). To further investigate the role of sequential TCR
rearrangements in T cell development, we generated a
mouse model (HY-I) in which a VJ joint was inserted
into the TCR locus in such a way that it was flanked
by unrearranged Velements upstream and Jelements
downstream, like in normal T cells physiologically (Fig-
ure 1). In contrast to conventional TCR transgenic mice,
in this model the V and J elements still present in the
locus allow secondary VJ rearrangements to occur.
Combination of the inserted TCR chain (HY) with a
conventional transgenic TCR chain resulted in expres-
sion of the male-specific HY-TCR. This enabled us to
adress the role of sequential VJ rearrangements in
positively (H-2Db females), negatively (H-2Db males), and
nonselecting (H-2Dd) animals. In initial experiments, we
confirmed expression of the inserted  chain. We foundFigure 4. Severe Reduction of DP and SP Cells in Homozygous HY-I
Males that an increased number of peripheral T cells expressed
Thymocytes of male and female homozygous HY-I mice were the HY-TCR in HY-I (H-2Db) females as compared to
stained for CD4, CD8, and HY chain and analyzed by FACS. A dot conventional HYtg females (Figure 2A; Kisielow et al.,
plot analysis of CD4 and CD8 expression is shown. Absolute cell 1988b). This increase could be the result of higher thymic
numbers are indicated above the dot plots (A). A comparison of
output of such cells, as seems likely from the higherHY chain expression on DP and CD8 thymocytes between homo-
number of HYCD8 thymocytes in HY-I females (Fig-zygous and heterozygous HY-I females is shown in histograms (B).
ure 2D; data not shown). In the periphery of negativelyThe data are representative of three independent experiments.
selecting HY-I mice, a population of HYCD8/lo cells
was detected; such cells had already been described
in a variety of  TCR transgenic models, including theas compared to cultures without, the addition of peptide.
original HYtg mice, and shown to be 
 T lineage cellsThis was accompanied by a 2-fold increase of preapo-
expressing the transgenic  TCR (Bruno et al., 1996).ptotic HY DP cells (data not shown), in accord with
Since in peripheral 
 T cells transcription of the TCRthe notion that peptide/MHC induces TCR internaliza-
genes is facilitated by the TCR enhancer (Sleckman ettion and apoptosis. In the FTOC experiments, most of
al., 1997), it seems likely that the expression of the HYIthe HY-TCR-expressing thymocytes performed second-
allele in 
 T cells is also driven by this enhancer. Theary rearrangements even in the absence of the antigenic
ectopic TCR expression may thus be an artifact whichpeptide, so that induced editing in the presence of
cannot be avoided in a TCR-insertion model.antigenic peptide may have gone unnnoticed. Therefore,
we also studied the effect of antigenic peptide/MHC on
sorted HY DP thymocytes in a thymic reaggregation Sequential Rearrangements Are Observed in
Positively and Nonselecting HY-I Animalsculture system (Jenkinson et al., 1992). We sorted such
thymocytes from female HY-I (H-2Db) mice, labeled Comparing thymic development of positively selecting
(H-2Db) HYtg and HY-I females, we observed more posi-them with CFSE (Lyons and Perish, 1994), and mixed
them with thymic stromal cells. The cells were cultured tively selected HYCD8 cells in the thymi of HY-I ani-
mals (Figure 2D), although only these animals could ge-on membranes which were placed on medium with or
without 50 M peptide. In these cultures, we observed nomically replace the HY chain. In HY-I mice, TCR
expression seems to start later than in HYtg mice, as ano TCR editing but deletion of DP cells upon addition
of peptide (Figure 6). Only a few CD4 cells which lower percentage of CD25DN cells expressed the HY-
TCR (data not shown). This may be the reason for thehad lost expression of the HY-TCR were generated
(data not shown). In addition, a large population of observed increase in the generation of  T cells, as it
was reported that the development of  T cell lineageCD4CD8HY cells appeared in the cultures. These
cells proliferated, as evident from the intensity of CFSE is compromised in HYtg animals due to premature ex-
pression of the TCR (Lacorazza et al., 2001). Even underlabeling (data not shown). They likely represent contami-
nating CD8HY cells introduced into the cultures by the condition of positive selection, many DP and SP
cells in HY-I animals had exchanged the VJ joint (Fig-cell sorting (Figure 6) or DP cells which had already been
positively selected in vivo, differentiated in culture, and ures 3B and 7). Such ongoing recombination had also
been observed in conventional TCR transgenic miceproliferated in response to the antigen. Thus, in the reag-
TCR-Insertion Mice
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Figure 5. FTOCs from HY-I Females (H-2Db) in the Presence and Absence of HY Peptide
Thymi of female E17.5 HY-I embryos were cultured in the absence or presence of 50 M of HY peptide. Single-cell suspensions were prepared
and stained for CD4, CD8, and either HY chain, annexinV, or V2 14 hr (d1) or 38 hr (d2) after initiation of the cultures. Shown are the analysis
of CD4 and CD8 expression (A), HY chain expression on DP cells (B) over the first 3 days, and annexin V expression on HY DP cells (C)
or V2 expression on DP cells (D) at time point d1.
(von Boehmer, 1990). Due to the competition between secondary rearrangements by continuing V(D)J recom-
bination appears to be extremely efficient as indicatedHY-TCR-expressing thymocytes for interaction with
APCs expressing the selecting peptide/MHC complex, by the generation of normal-sized SP compartments
(Figure 3A, lower panel), in accordance with observa-only a small fraction of HY-TCR-expressing cells is posi-
tively selected. The others start to recombine the endog- tions made in another TCR-insertion model (Wang et
al., 1998).enous TCR loci and change TCR speficifity (Huesmann
et al., 1991; Merkenschlager et al., 1994). In the absence The secondary rearrangements isolated from thymo-
cytes showed an overrepresentation of J elementsof the positively selecting MHC molecules, the inserted
HY-VJ joint was replaced in most DP and SP cells proximal to the inserted VJ joint (J50-J56), with
J53 being most frequently used (Figure 7). As the latter(Figures 3B and 7). In this situation, the generation of
Immunity
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Figure 6. Deletion of HYDP Cells upon Ad-
dition of Peptide in Thymic Reaggregation
Cultures
Sorted HY DP cells were labeled with
CFSE, mixed with thymic stroma cells, and
cultured on membranes for 2 days in the pres-
ence or absence of HY peptide. The cells
were harvested and stained for CD4, CD8,
and HY chain. The analysis shows CD4 and
CD8 expression on CFSE cells.
element is not overrepresented in thymic VJ re- from B cell progenitors expressing a transgenic autore-
active receptor, only small populations of HY thymo-arrangements of 129/Ola mice (Riegert and Gilfillan,
1999), this might indicate that sequential V-J re- cytes were present in the thymi of negatively selecting
(male) HY-I mice (Figures 2D and 3A–3E), and HY-TCR-arrangements are preferentially targeted to J elements
adjacent to the VJ joint to be replaced. expressing DP cells were induced to undergo apoptosis
(Figure 3F). Negative cellular selection rather than recep-
tor editing is thus clearly the dominant mechanism ofCounterselection of Autoreactive Thymocytes by
Negative Selection Rather Than Receptor Editing self-tolerance in this experimental model, and the few
cells that had replaced the HY-VJ joint had likely doneWhile in B cell development in the bone marrow, normal
numbers of B cells can be generated by receptor editing so before upregulation of CD8, which is required for the
Figure 7. Use of Different V2 and J Elements by T Cells and Thymocytes from HY-I Animals
HY thymocytes and T cells from positively, negatively, and nonselecting HY-I animals were sorted and cDNA prepared. VJ joints were
amplified with primers specific for the V2 family and C and cloned. Amplification of the TCR-deficient allele was avoided by placing the
C primer in the region where neor had been inserted into the C region. The cloned VJ joints were sequenced and analyzed for the V
and J usage. The upper table shows the sequences of the VJ joints. In most cases, the sequences did not allow the determination of the
V element used. In this case, all possibilities are shown. The source of the cells is shown in the lower table. The source of an individual
clone is indicated by the first digit of the clone number. Sequences from thymocytes are highlighted by a gray background.
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selection of MHC class I-restricted thymocytes (Killeen not express any TCR. Apart from these considerations,
et al., 1992). VJ replacement could happen in these the insertion model of Wang et al. has to be viewed
cells at the DN stage, as germline transcripts of TCR with caution because of the way it was constructed: the
and even VJ joining have been described for DN cells mutant TCR locus did not only still contain the TCR
having undergone  selection (Villey et al., 1997; Hozumi gene but also harbored a neomycin resistance gene
et al., 1998). In addition, some developing HY-I thymo- and an IgH enhancer (Wang et al., 1998; for review see
cytes may express CD4 before CD8 (Shortman et al., Hempel et al., 1998). This could have disturbed the ac-
1988) and, not being negatively selected, might undergo cessibility of the locus for the V(D)J recombination ma-
V-J recombination. We indeed observed a so-called chinery and resulted in an increase in TCR recombina-
ISP cell population in male HY-I mice (Figure 3B, upper tion in DN cells prior to the onset of negative selection.
panel), possibly representing such transient, TCR re- Change of TCR specificity at this early stage could ex-
combining cells. plain why the authors see expression of the transgenic
Further evidence that the few HY-TCR cells in the specificity on only 50% of the DN cells, in contrast to
thymi of HY-I males were not resulting from autoantigen- observations made in the HY-I system (Figure 3B).
induced receptor editing comes from our observation McGargill et al. (2000) used recombination of endoge-
that in mice carrying the VJ insertion in both TCR nous TCR loci in a conventional TCR transgenic, oval-
loci the thymic compartment of DP cells, still detectable bumin-specific mouse model (OT-1) as read-out system
in hemizygous mice (Figure 2D), was completely elimi- of editing during T cell development. Negative selection
nated (Figure 4). This is in striking contrast to the B cell in this model led to partial deletion of DP cells. The
system, where VJ joints are efficiently replaced on remaining cells appeared to escape deletion through
both chromosomes of autoreactive immature cells in the expression of endogenous rearranged TCR genes.
the bone marrow (Kouskoff et al., 2000; Braun et al., As in the model of Wang et al. (1998), this phenotype
2000). These results support the concept that encounter could be due to inefficient, slow negative selection ac-
of self-antigen entertains sequential gene rearrange- companied by ongoing TCR rearrangements in cells
ments in developing B but not T cells. not (yet) exposed to autoantigen. This view is supported
The presence of HY cells in the DN compartment by the fact that only some DP cells in this model were
of HY-I mice at high frequency (Figure 3B) raises the activated, as assessed by CD69 expression. The levels
possibility that our failure to detect receptor editing in of RAG expression in thymi of the negatively selecting
male HY-I animals is due to premature induction of nega- “editing” animals were higher than those observed un-
tive selection. This would have to occur in cells beyond der the condition of positive selection but still much
the stage of  selection, as / TCR expression before lower than in thymi from nonselecting animals. This sug-
that developmental stage has been shown to preclude gests that TCR ligation on DP cells in this model also
/ T cell development (Lacorazza et al., 2001). To ad- results in the downregulation and not the induction of
dress this possibility, we tested whether HY-I DP thymo- RAG gene transcription, in accordance with a previous
cytes could escape deletion upon encounter of autoanti- report (Turka et al., 1991). Indeed, the slightly higher
gen in FTOCs and thymic reaggregation cultures. level of RAG expression observed in the DP cells of
Addition of HY peptide to FTOCs led to a rapid reduction thymi from “editing” as compared to positively selecting
of the HY DP cell population along with an increase animals may be the result of a selective survival of early
of preapoptotic cells (Figure 5). Similarly, in thymic ag- DP cells not having encountered the antigen yet and
gregation cultures, deletion was observed when sorted thus still expressing high RAG levels.
HY DP thymocytes encountered cognate MHC/pep- In the light of these considerations, we do not think
tide (Figure 6). As in the in vivo situation, only very few that the results of Wang et al. (1998) and McGargill et al.
cells were found in the cultures which had changed TCR (2000) contradict the main indication from the analysis
specificity. These results argue against the possibility
of the HY-I model, namely that (autoantigen-induced)
that the dominance of negative selection in HY-I males
receptor editing is not a governing principle in thymic
is due to the induction of deletion at a developmental
T cell development, as it seems to be in the case of B cellstage at which the cells are not yet able to undergo
development in the bone marrow. Thus, T cells appear toreceptor editing. We also note in this context that in B
utilize sequential gene rearrangements mainly for thecell development premature receptor expression does
purpose of optimizing positive selection, as it has beennot interfere with receptor editing (Pelanda et al., 1997).
postulated for mature B cells initiating an antibody re-The absence of editing in our model system seems
sponse (Hertz et al., 1998). There are also indicationsto disagree with results of others (Wang et al., 1998).
for such “receptor revision” in mature T cells (McMahanWang et al. showed that in their cytochrome c-specific
and Fink, 1998), an issue we plan to reassess using theTCR-insertion model (2B4), the inserted VJ joint was
HY-I model.efficiently replaced after introduction of the negatively
selecting antigen. However, negative selection appears
to be inefficient in this model, as even in mice carrying Experimental Procedures
a conventional TCR transgene of the same specificity,
Generation of the HY-Insertion AlleleDP cells are generated in a negatively selecting environ-
The targeting vector pC1T was generated by cloning of a BamHI/ment (Wang et al., 1998). Thus, some DP cells in these
XbaI fragment containing the V6/3 element from the cosmid 16-
mice may not receive any selecting signal, possibly be- 15 (a generous gift of L. Hood) into pBlueskriptKS(). A thymidineki-
cause of the limited number of “selection niches” (Hues- nase (HSV-TK) gene was introduced into the BamHI and XhoI sites,
mann et al., 1991; Merkenschlager et al., 1994). These and a neomycin resistance gene (neor) flanked by loxP sites into
BlnI sites. E14.1 embryonal stem cells were transfected with 30 gcells would initiate TCR rearrangements as if they did
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of this vector and selected with G418 and ganciclovir. A 1 kb Xba ware. Cell sorting was performed on a FACS-Star (Becton Dick-
inson).fragment from 16-15 was used as external probe 1 for the Southern
blot analysis (Figure 1). Random integrations of the targeting vectors
were excluded by hybridization of the Southern blots with a probe TCR Repertoire Analysis
detecting neor (probe 4, Figure 1). Deletion of neor was performed RNA extraction, cDNA synthesis, and tailing were carried out as
with 50 g of pGK-crebpA (K. Fellenberg, personal communication) previously described (Rieux-Laucat et al., 1993). V2J joints were
and confirmed by PCR using the primers 1649 ACATCTATCTCCATC amplified by PCR using the primers V2 CAATAAAAGGGAGAAAAA
AACTG and 1650 TTATGTCTATGAATGAAACTG. The targeting vec- GCTCTCC and MCA1 ACTGGGTAGGTGGCGTTGGTCTC. MCA1 is
tor pC3T (Figure 1) was generated by cloning of the PCR product located in the C region and allowed amplification of cDNA only
obtained with the primers TGCCTGGAATTCAGATACTGACCAGC from the insertion and not the TCR allele. The products were
AAC and ATACTGTCGACATTCTTCTGCTAGCCGATAG into the cloned and inserts from all six minilibraries were sequenced. The
EcoRI and SalI sites of pBluescriptIIKS(). The insert was shortened joints were analyzed using GeneJockey and the lists of J elements
by excision of a PstI fragment (probe 2, Figure 1A). Neor with a 3 (Koop et al., 1994) and V elements (Arden et al., 1995).
loxP site was cloned into the SalI and XhoI sites, and the complete
insert was cut out by NotI and XhoI and introduced into the NotI Fetal Thymic Organ Cultures
and SalI sites of pBS-HY containing a 11.4 kb SalI fragment from Female TCR/ mice were bred to male HYHYI/I mice and
the cosmid CHY-9.1. Finally, the HSV-TK gene was introduced into tested for vaginal plug the next morning (E0.5). Thymi were prepared
the Asp718I site. from the E17.5 embryos. Genotyping of the embryos was performed
Thirty micrograms of the targeting vector pC3T were linearized by by use of the primers HYs-1 and HYs-2. For sex determination,
NotI and transfected into the ES cell clones 2C5 and 1F12 containing X and Y chromosomes were detected by PCR with the primers Nds3
the 5 loxP site. After G418/ganciclovir selection, a PCR screen for GAGTGCCTCATCTTATACTTACAG and Nds4 TCTAGTTCATTGTTG
homologous recombinants was performed on half a colony using ATTAGTTGC, and Zfy11 GTAGGAAGAATCTTTCTCATGCTGG and
the primers 1992 CCTAATTCCCACGAACCACA and 2688 TCGTGCT Zfy12 TTTTTGAGTGCTGAGGGGTGACGG, respectively (Kunieda et
TTACGGTATCGCC (Figure 1A). Cointegration of the two targeting al., 1992). The thymic lobes were placed on Millicell culture plate
vectors on the same chromosome was assessed by transfecting inserts (Millipore) on DMEM containing 10% FCS. Single-cell sus-
homologous recombinants with 50g of pGK-crebpA and screening pensions were prepared by squashing the lobes between nylon
for G418 sensitivity. Deletion was confirmed by Southern blot mesh. Titration of the HY peptide on E17.5 thymi from female HYtg
probed with the 0.5 kb SphI fragment of pBS-HY (probe 3, Figure embryos showed complete deletion of DP and SP cells at a concen-
1) and by PCR with the primers 2636 CAGGCACCACAGACCATCCT tration of 50 M. Nonspecific toxicity was excluded by culture of
TGC and 2637 CCAGACAGTTCCTACTACACCACGTTC (Figure 1). thymic lobes which expressed the HY chain but lacked the trans-
Chimeras were generated by injection of ES cells into C57Bl/6 blas- genic  chain (and thus specific reactivity to the HY peptide).
tocysts.
Thymic Reaggregation Culture
To obtain thymic stromal cells, thymi of C57Bl/6 females were di-Mouse Maintenance
gested first with CollagenaseD (Sigma) and DNaseI (Sigma) and thenMice were kept in barrier and SPF animal facilities according to
with 1	 trypsin/EDTA (GIBCO) at 37C. Thymocytes were depletedinstitutional guidelines. DNA for typing was prepared from tail biop-
by two rounds of magnetic cell sorting using first anti-CD4 andsies (Laird et al., 1991). The deletion of the TCR locus was achieved
anti-CD8 beads and then Thy1.2 beads (MiltenyiBiotec). HY-by breeding to the cre-deleter mouse strain (Schwenk et al., 1995).
CD4CD8 thymocytes were sorted, labeled with CFSE (LyonsPresence of the deleter-cre allele was confirmed by PCR using the
and Perish, 1994), mixed at a ration of 3:1 with stroma cells, pelleted,primers GAAAGTCGAGTAGGCGTGTACG and CGCATAACCAGTGA
and transfered into Millicell inserts, which were placed on DMEMAACAGCAT. HYI mice were bred to HYtg mice (Uematsu et al.,
10% FCS and kept at 37C, 7.5% CO2, 100% relative humidity (Jen-1988) and subsequently to homozygosity. Typing was performed
kinson et al., 1992).by use of the primers 2636 and 2637 (see above) for the HYI allele,
CAAATCTTGCTTGTCTGGTGAAAG and CAAAAGTTATCCACCCCG
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Single-cell suspensions were stained with FITC-, PE-, APC-, and
Referencesbiotin-conjugated antibodies as described (Fo¨rster and Rajewsky,
1987). The following antibodies were used: FITC-anti-HY chain
(T3.70; [Teh et al., 1989]; provided by H. von Boehmer), anti-CD4 Arden, B., Clark, S.P., and Kabelitz, D. (1995). Mouse T-cell receptor
variable gene segment families. Immunogenetics 42, 501–530.(GK1.5/4), anti-H-2kd (Pharmingen), PE-anti-CD4 (GK1.5/4), anti-
CD8 (Pharmingen), anti-V2 (Pharmingen), anti-H-2kb (Pharmingen), Borgulya, P., Kishi, H., Uematsu, Y., and von Boehmer, H. (1992).
biotin-anti-HY chain, anti-CD3 (Pharmingen), anti-V3 (Pharmin- Exclusion and inclusion of  and  T cell receptor alleles. Cell 69,
gen), anti-V8 (Pharmingen), anti-V11 (Pharmingen), and APC-anti- 529–537.
CD8 (53-6.7). Streptavidin (SA)-Cy7-PE (Caltag) and SA-Cychrome
Braun, U., Rajewsky, K., and Pelanda, R. (2000). Different sensitivity
(Pharmingen) were used to reveal biotin-coupled antibodies.
to receptor editing of B cells from mice hemizygous or homozygous
Annexin V staining was performed using PE- or FITC-annexin V
for targeted Ig transgenes. Proc. Natl. Acad. Sci. USA 97, 7429–7434.
reagent (Pharmingen). Cells were stained for 20 min at room temper-
Bruno, L., Fehling, H.J., and von Boehmer, H. (1996). The  T cellature in annexin V buffer (Koopman et al., 1994), additional buffer
receptor can replace the 
 receptor in the development of 
 lin-was added, and cells were immediately analyzed.
eage cells. Immunity 5, 343–352.Dead cells were excluded from analysis by either propidium iodide
or topro-3 staining. Data were aquired on a FACS-Calibur (Becton Capecchi, M.R. (1989). Altering the genome by homologous recom-
bination. Science 244, 1288–1292.Dickinson) and analyzed with CellQuest (Becton Dickinson) soft-
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